Abstract: A procedure is proposed to evaluate the triggering of liquefaction in ground subjected to a static shear stress, i.e., sloping ground, using the yield strength ratio, s u (yield)/ v0 Ј . Thirty liquefaction flow failures were back analyzed to evaluate shear strengths and strength ratios mobilized at the triggering of liquefaction. Strength ratios mobilized during the static liquefaction flow failures ranged from approximately 0.24 to 0.30 and are correlated to corrected cone and standard penetration resistances. These yield strength ratios and previously published liquefied strength ratios are used to develop a comprehensive liquefaction analysis for ground subjected to a static shear stress. This analysis addresses: ͑1͒ liquefaction susceptibility; ͑2͒ liquefaction triggering; and ͑3͒ post-triggering/flow failure stability. In particular, step ͑2͒ uses the yield strength ratio back-calculated from flow failure case histories and the cyclic stress method to incorporate seismic loading.
Introduction
A liquefaction analysis for ground subjected to a static shear stress, i.e., slopes, embankments, or foundations of structures, typically consists of three primary tasks: ͑1͒ a susceptibility analysis; ͑2͒ a triggering analysis; and ͑3͒ a post-triggering/flow failure stability analysis. A liquefaction susceptibility analysis determines whether a given soil deposit is in a contractive state, i.e., susceptible to undrained strain-softening behavior and flow failure. Numerous investigators ͑e.g., Sladen and Hewitt 1989; Ishihara 1993; Fear and Robertson 1995; Baziar and Dobry 1995͒ have proposed susceptibility boundary lines between penetration resistance ͑a measure of soil density͒ and effective confining stress to separate contractive from dilative soil states. Similarly, procedures are available to evaluate the liquefied shear strength for use in a post-triggering/flow failure stability analysis. Olson and Stark ͑2002͒ proposed a procedure to estimate the liquefied strength ratio, s u (LIQ)/ v0 Ј , using the corrected cone penetration test ͑CPT͒ or the standard penetration test ͑SPT͒ resistance. The liquefied strength ratio can be used in a post-triggering stability analysis.
In contrast, few procedures are available to evaluate the triggering of liquefaction in ground subjected to a static shear stress.
The two most widely known procedures are those of Poulos et al. ͑1985a͒ and Seed and Harder ͑1990͒. The Poulos et al. ͑1985a͒ procedure compares the shear strain induced by loading ͑static or seismic͒ to the shear strain required to trigger undrained strainsoftening response. Poulos et al. ͑1985b͒ and Poulos ͑1988͒ concluded that practically any induced shear strain will be sufficient to trigger liquefaction in nonplastic soils, while soils with some plasticity can accommodate a finite shear strain prior to reaching their yield ͑or peak͒ shear strength. However, a suite of laboratory tests are necessary to estimate the induced shear strains for a given loading, and Poulos et al. ͑1985b͒ and Poulos ͑1988͒ indicated that laboratory measured shear strains may not resemble shear strains induced in situ, particularly for nonplastic soils. For these reasons, this procedure is difficult to apply in many practical situations.
Seed and Harder ͑1990͒ presented an extension to the SPT based level ground liquefaction analysis procedure ͑Seed et al. 1985͒ to evaluate triggering of liquefaction in ground subjected to a static shear stress. Seed and Harder ͑1990͒ proposed correction factors, K ␣ and K , to modify the level ground cyclic resistance ratio to account for a static shear stress and an overburden stress greater than 100 kPa, respectively. Despite Harder and Boulanger's ͑1997͒ update, the correction factors exhibit large scatter resulting in uncertainty in their application. Consequently, the corrections are sometimes omitted on small and moderately sized projects, or expensive site-specific corrections are developed for large projects ͑e.g., Pillai and Stewart 1994; Hedien et al. 1998͒. This paper presents a procedure to evaluate the triggering of liquefaction in ground subjected to a static shear stress using the yield ͑or peak͒ strength ratio back-calculated from available static loading-and deformation-induced liquefaction flow failures. The procedure is illustrated using available seismically induced flow failures. The proposed triggering analysis does not require a suite of laboratory tests or correction factors (K ␣ and K ), and is incorporated into a comprehensive procedure to evaluate: ͑1͒ liquefaction susceptibility; ͑2͒ liquefaction triggering; and ͑3͒ posttriggering/flow failure stability. Fig. 1 schematically presents the behavior of saturated, contractive, sandy soil during undrained loading. The yield shear strength ͓s u (yield)͔ is defined as the peak shear strength available during undrained loading ͑Terzaghi et al. 1996͒. Undrained strain softening can be triggered by either static or dynamic loads, or by deformation under a static shear stress that is larger than the liquefied shear strength. As demonstrated by Eckersley ͑1990͒ and Sasitharan et al. ͑1993͒, loading can be completely drained prior to the triggering of undrained strain softening response.
Yield Shear Strength and Yield Strength Ratio
Hanzawa et al. ͑1979͒ measured peak shear strengths from consolidated-undrained triaxial compression tests on saturated, contractive sand specimens tested at the same void ratio but various effective confining pressures. These peak shear strengths produced an approximately linear peak shear strength envelope in stress path space. Hanzawa ͑1980͒ then used this peak strength envelope to evaluate liquefaction triggering in a loose, sandy soil underlying an embankment.
Since 1980, numerous investigators have presented similar results and proposed various names for the envelope of peak shear strengths and the surface that defines the stress path followed during undrained strain softening ͑e.g., Vaid and Chern 1985; Sladen et al. 1985; Sasitharan et al. 1993 ; among others͒. Herein, this line of yield ͑or peak͒ shear strengths is denoted the ''yield strength envelope'' because it defines the stress conditions at which the yield shear strength is mobilized.
The yield strength ratio is defined as the yield shear strength normalized by the prefailure vertical effective stress, s u (yield)/ v0 Ј . The yield strength ratio is nearly equivalent to the inclination of the yield strength envelope, expressed as
where y ϭmobilized yield friction angle ͑in a Mohr-Coulomb diagram͒. The difference in these parameters is that the yield strength envelope uses the normal effective stress while the yield strength ratio uses the vertical effective stress. However, for the large majority of the flow failures studied herein, the portion of the initial ͑yield͒ failure surface within the zone of liquefaction approximates direct simple shear conditions. Thus for most flow failure, the difference between vertical effective stress and normal effective stress may be minimal.
Back Analysis of Flow Failure Case Histories
Olson ͑2001͒ examined 33 liquefaction flow failure case histories available in the literature. Olson ͑2001͒ divided the flow failures into three categories: ͑1͒ static loading-induced failures; ͑2͒ deformation-induced failures; and ͑3͒ seismically induced failures. Only static loading-induced failures can be used confidently to assess the yield shear strength and strength ratio because the shear strength back-calculated from the prefailure geometry corresponds directly to the yield strength envelope.
To illustrate this concept, consider an element within a saturated, loose sandy deposit either within or underlying an embankment during construction. Point A in Fig. 1 represents the prevailing stress and strain conditions in the element. Point A could have been reached by drained, partially drained, or completely undrained loading during embankment construction. During placement of the next fill lift, the element moves from Point A to Point B, which is located on the yield strength envelope. This step assumes that the drainage boundaries and permeability of the element result in the fill lift causing a temporary undrained condition in the element. Point B represents the maximum shear resistance that the soil element can mobilize under undrained conditions. When the shear stress in this element induced by the embankment attempts to exceed Point B ͑the yield shear strength͒, the loose soil structure yields and collapses, and liquefaction is triggered. The element then moves from Point B to Point C, the liquefied shear strength. Therefore, for cases of static loading-induced flow failure, the shear stress mobilized in the zone of contractive soil immediately prior to failure is approximately equal to the yield shear strength. A limit-equilibrium stability analysis of the prefailure geometry provides a reasonable estimate of the yield shear strength and strength ratio mobilized within the zone of liquefaction.
To illustrate conditions leading to deformation-induced failure, again consider a soil element with stress and strain conditions represented by Point A in Fig. 1 . Point A could have been reached by drained or undrained loading, and the static shear stress carried by the element ͑Point A͒ is greater than its liquefied shear strength ͑Point C͒. In this case, the static shear stress resulting from the embankment is large enough to initiate shear strain, creep, or another deformation mechanism within the embankment and/or foundation. If the shear deformation is large enough and element A is undrained, the element moves horizontally from Point A to Point D, which is located on the yield strength envelope. At Point D, liquefaction is triggered, and the element moves from Point D to Point C, the liquefied shear strength. As shown in Fig. 1 , the shear stress and stress ratio represented by Point A are less than the yield shear strength and strength ratio at the prefailure effective stress, respectively. Therefore, the shear stress and stress ratio obtained from a limit-equilibrium analysis of the prefailure geometry in a deformation-induced failure may be less than the yield shear strength and strength ratio, respectively. However, as indicated subsequently, several deformation-induced flow failures exhibit prefailure shear stress and stress ratio conditions that correspond closely to the yield shear strength and strength ratio. This Seismically induced flow failures also generally do not represent stress conditions that correspond to the yield shear strength and strength ratio. To illustrate this, consider a soil element with stress and strain conditions represented by Point AЈ in Fig. 1 . Point AЈ could have been reached by drained or undrained loading, and the static shear stress carried by the element is greater than its liquefied shear strength. The element is then subjected to a seismic or dynamic load. If the duration and intensity of the seismic/dynamic load is sufficient to cause porewater pressure buildup that moves the element from Point AЈ to Point E, liquefaction is triggered, and the element moves from Point E to Point C. The shear stress and stress ratio represented by Point AЈ are less than the yield shear strength and strength ratio at the prefailure effective stress, respectively. Therefore, the shear stress and stress ratio obtained from a limit-equilibrium analysis of the prefailure geometry may be less than the yield shear strength and strength ratio.
Procedure to Back Calculate Prefailure Strength Ratio
Olson ͑2001͒ presents a procedure to back-calculate the prefailure strength ratio of slopes and embankments. As indicated above, the prefailure strength ratios obtained from static loading-and several deformation-induced flow failure case histories correspond to the yield strength ratio. In contrast, the prefailure strength ratio backcalculated from seismically induced failures generally is smaller than the yield strength ratio.
In this procedure, the approximate zone of contractive, liquefiable soil must be known or estimated. Contours of equal prefailure vertical effective stress were determined within the zone of liquefaction, as illustrated in Fig. 2 for Mochi Koshi Tailings Dam 1 ͑Ishihara 1984͒. Using a trial value of strength ratio, different values of shear strength were assigned to each vertical effective stress contour in the zone of liquefaction. Using the failure surface search option of UTEXAS3 ͑Wright 1992͒ and Spencer's ͑1967͒ stability method, the critical initial circular or noncircular failure surface was identified. The strength ratio was then varied ͑which in turn varies the shear strength mobilized below each v0 Ј contour within the zone of liquefaction͒ until a factor of safety of unity was achieved. Assumptions regarding the shear strengths of nonliquefied soils and the dimensions of the zone of liquefaction resulted in a range of strength ratios for each case. The drained or undrained shear strengths of all of the soils were assumed to be fully mobilized, i.e., progressive failure was not considered. Olson ͑2001͒ details the shear strengths of the nonliquefied soils and the dimensions of the liquefied zones for each case history.
This analysis considers the entire range of prefailure vertical effective stress controlling the shear strength mobilized at the triggering of liquefaction. For subsequent interpretations, it was useful to determine a weighted average prefailure vertical effective stress along the critical failure surface. The critical failure surface was divided into a number of segments, and the weighted average vertical effective stress within the zone of liquefaction was determined as
where v,i Ј ϭvertical effective stress; and L i ϭlength of segment i of the critical failure surface. Eq. ͑2͒ also was used to calculate a weighted average vertical total stress ͓ v0 (ave)͔ for the seismically induced failures by substituting the vertical total stress of
For nearly all of the cases studied, Olson ͑2001͒ also evaluated trial failure surfaces based on descriptions of the failure, eyewitness accounts, and postfailure morphology ͑i.e., locations of broken pavement, intact portions of embankments, etc.͒. In most cases, these trial failure surfaces closely resembled the critical failure surface calculated using UTEXAS3. In cases where the trial and critical failure surfaces differed considerably, we incorporated results from both failure surfaces into the reported range of strength ratios and shear strengths. Olson ͑2001͒ presents the details of the analyses and assumptions for each case history.
Procedure to Back Calculate Prefailure Shear Strength
This study also back calculated prefailure shear strengths from the flow failure cases. Similar to the strength ratio analyses, the failure surface search option of UTEXAS3 and Spencer's ͑1967͒ stability method were used to back calculate the mobilized shear strengths from prefailure geometries. A single value of shear strength was assigned to the liquefiable soil, and this value was varied until a factor of safety of unity was achieved. Appropriate fully mobilized drained or undrained shear strengths were assigned to the nonliquefied soils, i.e., progressive failure was not considered. This method is identical to that used by Castro et al. 
Flow Failure Case History Back Analysis Results
In 30 of the 33 flow failure cases studied, sufficient information regarding the prefailure conditions was available to conduct stability analyses. ͓All 33 cases are presented in the following tables so that the numbering of case histories is consistent with Olson ͑2001͒ and Olson and Stark ͑2002͒.͔ Table 1 presents the liquefaction flow failures, the triggering mechanism, and available seismic parameters for the seismically induced failures. Olson ͑2001͒ and Olson and Stark ͑2002͒ provide references for the case histories; therefore, the references are not repeated herein. Table 2 presents the prefailure shear strengths and strength ratios, and weighted average prefailure vertical effective and total stresses for the critical failure surface. Upper and lower bounds of shear strength and strength ratio also are presented in Table 2 .
The values of prefailure v0 Ј (ave) reported herein for prefailure strength ratio analyses differ from the values of prefailure v0 Ј (ave) reported for liquefied strength ratio analyses ͓i.e., compare for each case history. For cases where either CPT or SPT penetration alone was measured, the corresponding value of the other penetration resistance was estimated using the q c /N 60 relationship proposed by Stark and Olson ͑1995͒ and the median grain size of the liquefied soil. Olson ͑2001͒ describes the back analyses conducted, the evaluation of penetration resistance, and the uncertainties and assumptions for each case history.
Flow Failures Triggered by Static Loading
As discussed previously, the shear strength and strength ratio mobilized at the triggering of liquefaction are equal to the yield shear strength and yield strength ratio, respectively, for flow failures triggered by static loading. The authors examined five cases of static loading-induced liquefaction flow failure ͑cases 1-3, 5, and 16͒ with sufficient documentation to conduct the proposed back analysis. Fig. 3 presents the values of s u (yield) and v0
͑with upper and lower bounds of each parameter͒ for these flow failures. Yield strength ratios ranged from approximately 0.24 to 0.30, likely due to differences in relative density, the ratio of horizontal to vertical effective stress, and other factors. The increase in yield strength ratio is subsequently described by increasing penetration resistance.
Flow Failures Triggered by DeformationÕGlobal Instability
Six cases of deformation-induced ͑or dynamic loading-induced͒ flow failure ͑cases 6, 19-21, 23, and 28͒ are presented in Tables  1 through 3 . The authors suspect that the prefailure conditions at Fort Peck Dam ͑case 6͒ correspond to the yield strength envelope because deformation occurred simultaneously with fill placement. Also, the dynamic loading-induced flow failures ͑cases 23 and 28͒ are grouped with the deformation induced flow failures because of the higher frequency of motion and lower levels of induced shear strain experienced with respect to seismically induced flow failures. As such, prefailure conditions for these two cases likely correspond to the yield strength envelope.
Prefailure conditions for the Nerlerk berm failures ͑cases 19-21͒ likely do not correspond to the yield strength envelope be- Hicks and Boughrarou ͑1998͒ supports this failure mechanism. Therefore, the prefailure strength ratios back calculated for cases 19-21 likely are considerably lower than the yield strength ratios. Fig. 3 includes the values of prefailure shear strength and v0 Ј (ave) ͑with upper and lower bounds of each parameter͒ for these six cases. Prefailure strength ratios for these six cases ranged from approximately 0.20 to 0.28. 
Flow Failures Triggered by Seismic Loading
The shear strength and strength ratio back calculated from flow failures triggered by seismic loading generally are less than the corresponding yield shear strength and strength ratio, respectively. However, if the shear stress ratio existing prior to flow failure is near the yield strength ratio, only a small seismic disturbance is required to trigger liquefaction. On the other hand, if the static shear stress ratio is considerably smaller than the yield strength ratio, considerable deformation and porewater pressure increase during shaking are required to trigger liquefaction. Nineteen cases of seismically induced liquefaction flow failure are presented in Tables 1 through 3 . Prefailure strength ratios for these 19 cases ranged from approximately 0.15 to 0.32. These data are included in Fig. 3 for comparison only and were not used to develop the proposed yield strength envelope.
To evaluate the effect of seismic loading on these 19 case histories, the cyclic stress method proposed by Seed and Idriss ͑1971͒ for level ground was used to estimate the average seismic stresses and stress ratios. As the large majority of the cases studied involved slopes and embankments smaller than 10 m in height, the authors anticipate that the effect of sloping ground on the seismic stresses is minimal. For cases of larger slopes and embankments, the liquefiable soil was located at depths considerably below the surface of the slope or embankment. Based on Makdisi and Seed ͑1978͒, the authors anticipate that there is minimal amplification of the free-field shear stresses in the zone of liquefaction at depth within the slope or embankment. In addition, the cyclic stress equation provides the only means to evaluate the seismically induced failures because insufficient information is available regarding the seismic loads and dynamic properties of the materials to conduct more detailed analyses.
Average sustained seismic shear stress and stress ratio were calculated as follows:
where ␣ max ϭpeak free-field surface acceleration ͑see Table 1͒ ; gϭacceleration of gravity; and r d ϭdepth reduction factor ͓calcu-lated using the equation proposed by Youd and Idriss ͑1997͒ and the average depth of the critical failure surface within the zone of liquefaction͔; and C M ϭlower bound of the range of magnitude scaling factors recommended by Youd and Idriss ͑1997͒. The open triangles in Fig. 4 represent the prefailure static shear and vertical effective stresses prior to seismic loading in the seismically induced failures. The solid triangles in Fig. 4 represent the combined static and sustained seismic shear stresses ͑at the same prefailure vertical effective stress͒. The yield strength envelope ͑developed using the static loading-induced failures͒ from Fig. 3 also is included in Fig. 4 . It can be seen that the combined static and sustained seismic shear stresses for the seismic cases exceed the mean yield strength envelope. This suggests that liquefaction would be triggered in each seismic case history.
It is understood that the effect of seismic loading would be represented more accurately by the induced porewater pressure increase or induced shear strain instead of the cyclic stress equation. However, using the sustained seismic shear stress (0.65 max,seismic ) normalized to 15 cycles of uniform shaking ͑using C M ) rather than the maximum seismic shear stress ͑which may occur only once during shaking͒ suggests that this seismic shear stress is sustained for a sufficient number of cycles to cause substantial porewater pressure increase. Further, the simplicity of this procedure and the correct prediction of liquefaction for all the seismically induced flow failures ͑see Fig. 4͒ justify the approach. The authors currently are developing improved methods to evaluate porewater pressure increase resulting from seismic loading for use in back analysis and design. Fig. 5 presents the best estimates of yield strength ratio and mean q c1 value ͑from Tables 2 and 3͒ for the flow failures. Similarly, Fig. 6 presents the best estimates of yield strength ratio and mean (N 1 ) 60 value. The seismic cases are included in these figures for comparison only. These data were not used to develop the proposed relationships. For each case history, the range of backcalculated strength ratio and measured ͑or estimated͒ penetration resistance is presented in Tables 2 and 3 . The ranges result from uncertainties regarding: ͑1͒ the shear strength of nonliquefied soils; ͑2͒ the location of the initial failure surface; ͑3͒ the dimensions of the zone of liquefaction; and ͑4͒ the location of the Despite the uncertainties, a trend of increasing yield strength ratio with increasing penetration resistance is observed in Figs. 5 and 6 for the static loading-and deformation-induced failures ͑plotted as solid circles and squares, respectively͒, excluding the Nerlerk berm cases ͑cases 19-21͒. It can be seen that a few of the seismically induced flow failures plot above the average trend of the static loading-induced failures. Therefore, there may be greater variability in the relationship between yield strength ratio and penetration resistance than that indicated by the static loading-induced cases. As a result, the upper and lower trendlines were positioned conservatively to account for this variability. The proposed average trendlines are described as
Yield Strength Ratio and Penetration Resistance
s u ͑ yield͒ v0 Ј ϭ0.205ϩ0.0143͑q c1 ͒Ϯ0.04 for q c1 Շ6.5 MPa (4a) s u ͑ yield͒ v0 Ј ϭ0.205ϩ0.0075͓͑N 1 ͒ 60 ͔Ϯ0.04 for ͑ N 1 ͒ 60 Շ12 (4b)
Effect of Fines Content on Yield Shear Strength
Referring to Table 3 , it is clear that many of the case histories involved silty sands. The fines contents of the individual cases are plotted beside the yield strength ratio in Figs. 5 and 6. As expected, the data reveal no trend in yield strength ratio with respect to fines content. Data presented by numerous investigators ͑e.g., Kuerbis et al. 1988; Pitman et al. 1994; Ovando-Shelley and Perez 1997; Yamamuro et al. 1999; for a large number of sandy soils indicate that the presence of fines has little effect on the yield shear strength ͑which is mobilized at small strains͒. This differs from behavior often observed at large strain, where fines content can affect the liquefied shear strength.
Increasing fines content is generally considered to decrease penetration resistance of sandy soils as a result of increasing soil compressibility and decreasing permeability. However, the fines involved in the failures studied herein are typically nonplastic or low plasticity, and may have only a moderate influence on penetration resistance. As a result, no fines content adjustment is recommended for evaluating the yield shear strength. However, the cone penetration tip resistance, q c , should be corrected for unequal end area effects ͑i.e., corrected to q T ) for use in the proposed relationships.
Liquefaction Analysis Procedure
Using values of yield and liquefied strength ratio back-calculated from liquefaction flow failures, Olson ͑2001͒ proposed a comprehensive liquefaction analysis for ground subjected to a static shear stress. This procedure addresses liquefaction susceptibility, triggering of liquefaction, and post-triggering/flow failure stability. Olson and Stark ͑2001͒ utilized this procedure to successfully predict the historic behavior of Lower San Fernando Dam.
Liquefaction Flow Failure Susceptibility
The first step of a liquefaction analysis for sloping ground is to determine if the soil is contractive, i.e., susceptible to flow failure. Ј (ave) from the yield strength ratio analysis ͑see Table 2͒ and the liquefied strength ratio analysis ͓see Ј ͒ boundary ϭ9.58ϫ10
where v0 Ј and q c1 have units of kPa and MPa, respectively.
In the design of new structures or evaluation of existing structures, records of q c1 and/or (N 1 ) 60 should be plotted against vertical effective stress. These plots should include the corresponding recommended liquefaction susceptibility relationship ͓Eq. ͑5a͒ or Eq. ͑5b͔͒. The susceptibility relations can be incorporated into a spreadsheet file that contains the penetration data. Using these plots, layer͑s͒ of soil that are contractive ͑and therefore susceptible to flow failure͒ can be identified. With sufficient field penetration tests, zones of contractive soil can be delineated in two and three dimensions.
Triggering Analysis
The next step is to determine whether the combined static, seismic, and/or other shear stresses exceed the yield shear strength of the contractive soil͑s͒. This is accomplished using the following procedure, which can be incorporated into a spreadsheet program.
Olson ͑2001͒ and Olson and Stark ͑2001͒ illustrate the ease and functionality of this step. 1. Conduct a slope stability backanalysis of the prefailure geometry to estimate the static shear stress ( driving ) in the contractive ͑liquefiable͒ soil͑s͒. A trial value of shear strength is assumed for the liquefiable soils, and the shear strength assigned to the liquefiable soils is modified until a factor of safety of unity is achieved. Fully mobilized drained or undrained shear strengths are assigned to the nonliquefiable soils. The slope stability search should consider both circular and noncircular potential failure surfaces. 2. Divide the critical failure surface into a number of segments.
Based on analyses conducted for this study, ten to fifteen segments are satisfactory. Ј using corrected mean CPT and/or SPT penetration resistance and Eqs. ͑4a͒ and ͑4b͒, respectively. The desired level of conservatism can be incorporated by using a penetration resistance larger or smaller than the mean value, or by selecting a yield strength ratio higher or lower than the mean value. 
Segments with a FS Triggering greater than unity are unlikely to liquefy. If all segments have FS Triggering Ͼ1, a post-triggering stability analysis is unnecessary. Segments with FS Triggering р1 are likely to liquefy and these segments should be assigned the liquefied shear strength for a post-triggering stability analysis. Segments with FS Triggering Ͼ1 should be assigned their yield shear strength for a post-triggering stability analysis. The authors recommend that both the critical circular and noncircular failure surfaces ͑determined in Step 1 above͒ be analyzed, as the ratio of driving / ave,seismic may vary between potential failure surfaces. Analyzing both circular and noncircular critical failure surfaces should result in failure surfaces that vary considerably in depth and location within the zone͑s͒ of contractive soil. If the circular and noncircular failure surfaces cross the zone͑s͒ of contractive soil at about the same location and depth, it is recommend that one or two additional potential failure surfaces that cross the zone͑s͒ of contractive soil at different locations be analyzed.
Post-triggering ÕFlow Failure Stability Analysis
If liquefaction is triggered, a post-triggering stability analysis of the structure ͑using the prefailure geometry͒ must be conducted to determine whether the static shear forces are greater than the available shear resistance ͑including the liquefied shear strength͒. The liquefied shear strength ratio is estimated from the following relationships proposed by Olson and Stark ͑2002͒: Ј for the segment͒ and assigned to the segments of the critical failure surface predicted to liquefy from the triggering analysis. Fully mobilized drained or undrained shear strengths are assigned to the nonliquefied soils. This analysis should be conducted for all of the potential failure surfaces that were examined in the triggering analysis.
If the factor of safety against flow failure, FS Flow , is less than or equal to unity, flow failure of the structure is predicted to occur. However, if the FS Flow is between unity and about 1.1, some deformation is likely, and segments of the failure surface with marginal FS Triggering ͑less than about 1.1͒ should be reassigned their liquefied shear strength. The post-triggering stability analysis should be repeated with the new segment shear strengths to determine a new FS Flow . This accounts for the potential for deformation-induced liquefaction and progressive failure of the structure. The minimum FS Flow will be calculated when liquefaction is triggered in all zones of contractive soil and assigned their liquefied shear strengths for the flow failure stability analysis. This condition can be analyzed to determine the worst case FS Flow and to aid judgments regarding the need for redesign or remediation.
Conclusions
There are limitations of existing methods ͑e.g., Poulos et al. 1985a,b; Seed and Harder 1990͒ to analyze liquefaction triggering for ground subjected to static shear stress, i.e., sloping ground. This paper proposes an alternate procedure to evaluate the triggering of liquefaction in ground subjected to a static shear stress using the yield strength ratio back calculated from static liquefaction flow failures. The results of the back analyses indicate that there is a nearly linear relationship between yield shear strength ͑the peak shear strength available at the triggering of liquefaction͒ and prefailure vertical effective stress for a wide range of effective stress. Back-calculated yield strength ratios ranged from approximately 0.23 to 0.31 and the increase in yield strength ratio is correlated to corrected CPT and SPT penetration resistance.
The proposed liquefaction triggering analysis is incorporated into a comprehensive liquefaction analysis for ground subjected to a static shear stress. The liquefaction analysis is based on yield and liquefied strength ratios backanalyzed from liquefaction flow failures, and consists of the following general steps: ͑1͒ evaluate liquefaction susceptibility using proposed relationships between penetration resistance and vertical effective stress that separate contractive from dilative conditions; ͑2͒ determine the yield strength ratio using penetration resistance and the relationships proposed herein, and evaluate the triggering of liquefaction by comparing yield shear strength to combined static and additional shear stresses; and ͑3͒ if liquefaction is triggered, evaluate the post-triggering stability using a conventional limit-equilibrium analysis of the prefailure geometry and the recommended liquefied shear strengths.
